Introduction and Perspectives
Carbon case hardening, through natural evolution, commercialism, and economics, has become a process for which the possible number of variables is so large that it is hardly likely that any two companies will process exactly the same. There will always be some difference in choice of materials, equipment, or technique, and there will often be differences in the quality of the product. There may even be conflict of opinion regarding what is good practice and what is bad, and what is a valid test and what is meaningless. For each component treated, there is an optimum material and process combination, but who knows what this is for any given component? Most conflicts stem from there being too great a choice of materials or process variables and from the wide range of components that are required to be case hardened.
Despite all this, what the carburizing processes have in common is that they produce at the surface of the component a layer of carbon-rich material that after quenching, by whichever technique, should provide a surface that is hard. Regrettably, this is no indication that the casehardening process has been successful. Additional microstructural features may exist along with, or instead of, the aimed-for martensite, and these indeed can significantly influence the properties of the component, thereby affecting its service life.
The microstructural features referred to are internal oxidation, decarburization, free carbides, retained austenite, and microcracks in the martensite.
Further modifications to the martensite in particular can be effected by tempering, and the proportions of austenite and martensite can be altered by subzero treatment after quenching. Cold working by either peening or rolling can modify the surface microstructures and have significant bearing on the life of the component, as too can surface grinding.
One must not overlook the value of the microstructure and properties of the core or of the influence of inherent features such as microsegregation, cleanliness, and grain size.
The aforementioned structural variants are the subject of this review, and where possible, examples of their effect in terms of properties are given. Those properties mainly referred to are bending-fatigue strength, contact-fatigue resistance, hardness, and wear resistance. These properties were chosen because it is to promote one or more of these properties that the carburizing treatment is employed. A gear tooth is a good example in which each of these must be considered. Some significance has been placed on the residual stresses developed during carburizing because these are additive to the applied stresses.
Why Carburize Case-Harden?
With some through-hardening steels, it is possible to develop hardnesses equal to the surface hardnesses typical of case-hardening parts; however, machine parts (for example, gears) would not be able to transmit as much load as would case-hardened parts. This is because case hardening produces significant compressive-residual stresses at the surface and within the hard case, whereas with through hardening, the residual stresses are much less predictable. Furthermore, high-hardness through-hardened steels tend to lack toughness; therefore, in general, throughhardened and tempered steels are limited to about 40 HRC to develop their best strength-totoughness properties. To produce compressiveresidual stresses to a reasonable depth in a through-hardening steel, one must resort to a local thermal hardening process, such as induction hardening, or an alternative chemicothermal treatment, such as nitriding.
When induction hardening is used for gears, for example, the preferred hardness distribution is generally to have about 55 HRC at the surface and 30 HRC in the core (Ref 1); consequently, parts so treated do not have a contact strength or wear resistance that are quite as good as in carburized and hardened parts. The induction hardening process is useful for large parts that need to be surface hardened but would distort or grow excessively if carburized and hardened. Typical gear steels surface hardened by induction are 4140 and 4340 (initially in the hardened and tempered condition), and typical case depths range from 1.0 to 3.0 mm.
Nitriding is a means of producing a hard surface with high surface compressive-residual stresses. It is a subcritical temperature process, and consequently, it is an essentially distortionand growth-free process. The degree of hardening relates mainly to the chromium content of the steel so that a carbon steel will nitride harden only a little. Steel 4140 will harden to about 600 to 650 HV, and a 3% Cr-Mo-V steel will achieve more than 800 HV. Unfortunately, the cases that can be achieved due to nitriding are shallow (0.3 to 0.6 mm, effective), even with long processing times, for example, 80 hours. The shallowness of the case limits the range of application of nitrided steels. For gears, the limiting tooth size is about 2 mm module (12.7 dp) without downgrading. However, within its safe range of application, the case shallowness provides good bending fatigue, contact fatigue, wear, and scuffing resistance.
Carbon case hardening can be employed to achieve a wide range of effective case depths (up to greater than 4 mm) in a wide range of steels (limiting core carbon is normally 0.25%) with surface carbon contents of approximately 0.9% and hardnesses of about 60 HRC. The contactfatigue and bending-fatigue strengths are regarded as superior to induction-hardened surfaces and to nitride-hardened surfaces (above a certain size limit). The drawbacks with carbon case hardening are distortion, growth, and costs. Distortion and growth are controlled as much as possible during heat treating (by the use of dies and plugs) and finally corrected by a limited amount of grinding. The costs are justified in the product to obtain a high power-to-weight ratio and durability.
An indication of the advantages of case hardening, compared with through hardening, is shown in the torque-speed plots of Fig. 1 (Ref 2) . Here, the safe operating zone for case-hardened gear sets is much greater than it is for throughhardened steels. This means that to transmit the same power at a given speed, a set of case-hardened gears can be significantly smaller and/or lighter than a set of through-hardened gears. Alternatively, size for size, the case-hardened gear set will be much more durable. 
Variability
Over the past several decades, the steelmaking industry has moved from basic open-hearth steel manufacturing to processes such as VIM/VAR; consequently, the quality and consistency of steels have improved appreciably. Heat-treatment furnaces have improved, as have atmosphere and temperature control systems. Additionally, the gas-metal reactions, carbon diffusion, and other processes that take place during the carburizing and hardening of steels have become much better understood. Add to these factors the introduction of quality systems that favor process and product consistency, and, all in all, there has been considerable improvement (a far cry from the days of pack carburizing). Having said that, absolute precision is not attained because, among other reasons, exact steel compositions are impossible to achieve, and atmosphere control during carburizing is, at best, often only able to produce surface carbon contents of ±0.05% of the target value. Therefore, some metallurgical variability must be tolerated.
The grade of steel for a given machine component design, the carburized case depth, and the target values of surface carbon adopted by a manufacturer/heat treater are based on experience, design procedures, and guidelines provided in national or international standards, and perhaps on adjustments indicated by laboratory test results. It is difficult to determine the optimum metallurgical condition for a given situation; what is optimum in terms of surface carbon or case depth for a gear tooth fillet is different from what is optimum for a gear tooth flank. In fact, even if the optimum condition is known for any given situation (and this can vary from situation to situation), the heat treater probably could not provide it due to the variability described in the previous paragraph and the fact that most heat treaters are happy to get surface hardnesses within a fairly wide 58 to 62 HRC range, and effective case depths within a 0.25 mm range. Further, without considering section size, the previously mentioned composition variability could give batch-to-batch core-strength variations within a 20 ksi band. Hence, the ideal and the achievable are often different. Gear standards cater to different classes of gears, and these different classes require different degrees of dimensional precision and finish, as well as different standards of inspection. It is unlikely, however, that the heat treater will be lax for the lowest grade and fastidious for the precision gear. In most cases, the heat-treatment procedures will be to the same standard, and the heat treater will perform in the best way possible every time.
Laboratory Tests
Laboratory tests to determine the effect of metallurgical variables, for example, carbides, retained austenite, and core strength, are very useful and have contributed appreciably to the understanding of the influences of metallurgical features on material properties. However, there are problems associated with laboratory testing that must be recognized and, where possible, allowed for. One problem is that the test specimen and method of loading often bear little relationship to the machine part and service conditions they are supposed to represent. Apart from that, test pieces are often small in section so that the proportion of case to core can be high, and the microstructure can be martensitic throughout the test section. The effect of these factors on the residual stress distribution and on the contribution of metallurgical features can limit the value of the test findings. Another problem is isolating the metallurgical feature to be studied; generally, when conducting a test to determine the effect of a process variation or metallurgical feature on some property, the researcher attempts to isolate that test subject. Sometimes this is easy, for example, when determining the effects of tempering or subzero treatment. Other times, it is not so easy. For example, to determine the influence of retained austenite on bending-fatigue strength, a large batch of test pieces are prepared. Half are left as carburized and hardened with a high retained austenite content at the surface; the other half is refrigerated to transform much of the surface retained austenite. This is a common method of arriving at two retained austenite levels, but what exactly is being studied? Is it the effect of retained austenite, or is it the effect of subzero treatment? It is agreed that there are two austenite levels. Is it the difference in austenite levels that causes a difference of fatigue strength, or is it the effect of the new martensite and its associated short-range stresses induced by refrigeration that are responsible for the difference? The manufacture of batches of test pieces that are identical apart from the presence or absence of network carbides is another example. One can standardize surface carbon content and vary the heat treatment, or one can standardize heat treatment and vary the surface carbon content. Either way, there will be differences other than the carbide network. Nevertheless, laboratory testing provides trends and indicates whether a metallurgical feature will have a small or a large effect on the property under study.
Design Aspects
Laboratory test pieces are designed and loaded to fail. Machine parts, on the other hand, are designed and loaded not to fail. The basic allowable stresses used by gear designers have been conservative in order to acknowledge that design procedures are not precise enough to cater to the very wide range of gear designs, and that material variability and process variability do exist. These basic allowable stresses are derived from actual gear tests and are set at a lower value than that of failure stress. For example, in Fig. 2 , the surface-hardened test gears failed due to tooth pitting at contact stresses of 1400 to 1500 MPa. These tests represent nitrided marine and industrial gears that have, in this instance, a design limit of about 1000 MPa (Ref 3). Comparable gear tests have been conducted for case-hardened automotive gears and aerospace gears. From these tests, appropriate allowable stress values (for both bending fatigue and contact fatigue) have been derived that are somewhat less than the actual failure values. The basic allowables are published in the gear standards (e.g., ANSI/AGMA 2001 or ISO 6336) (Table 1a and b). One should consider that for full-scale gear testing, the metallurgy of the tested gears might be typical of one heat treater's quality, which could rate either high or low against other heat treaters' qualities. This is another reason for setting the design allowables lower.
Designers also incorporate into a design safety factors that will account for any adverse effects of material and manufacturing variability. Therefore, there are probably numerous case-hardened parts performing satisfactorily in service with surface microstructures that contain adverse metallurgical features. For example, the high-temperature transformation products that accompany internal oxidation tend to be frowned upon, yet there are numerous case-hardened gears in service with unground roots that, therefore, contain degrees of internal oxidation. If the test gears from which the basic allowable stresses were derived had unground roots and fillets, then internal oxidation will be accounted for anyway. A metallurgical feature might indeed lower the strength of a part (according to laboratory test results), but the applied service stresses must be high enough for that feature to be significant and cause failure. If the basic allowable stress and the gear designer's safety factor together reduce the service stresses to, say, half the failure strength of the part, but the heat treatment has induced a serious adverse metallurgical feature with a strength reduction potential of, say, 30%, there still might not be a problem (Fig. 3) . However, if something should go wrong, for example, if a bearing begins to deteriorate or the gear is slightly misaligned, increasing the tooth stress, then failure is more likely to occur. It is not suggested here that one should ignore the metallurgical condition, or that quality control should be relaxed because design, to some extent, accommodates metallurgical variability. On the contrary. It could be that on many occasions the designer's generosity has, in effect, "saved face" for those responsible for the metallurgical quality. If the metallurgical variability could be reduced across the board, and improved quality and quality consistency could be guaranteed, then perhaps the basic allowable stresses could be increased a little. If nothing else, product reliability would be improved. Designers strive to improve their design procedures, manufacturers aim to produce levels of accuracy and finish the designer specifies, and lubrication engineers seek to improve their products. Together these efforts will lead to better power-to-weight ratios and, hopefully, reduced costs. Therefore, the metallurgists and heat treaters must continue to contribute to the cause.
Currently, it is believed that the limitations of the conventional case-hardening steels are fairly well understood. Any other gains must be made through design and process refinements (consistency and accuracy) sufficient to enable revision of the design allowables.
The future might never provide a casehardening steel that is superior in all respects to the conventional grades. Even if it did, the cost of the steel might limit its use to very specialized applications. However, it is possible to design a steel that is superior with respect to one property. The newer grades of special-purpose aerospace gear steels for use at high operating speeds and temperatures exemplify this designing for purpose. Examples of such steel are Pyrowear Alloy 53 (Carpenter Technology Corp., Wyomissing, PA), CBS-1000M VIM-VAR (Timken Latrobe Steel Co., Latrobe, PA), CBS-600 (Timken Co., Canton, OH), Vasco X2-M, and Latrobe CFSS-42L, for which the steel compositions and heat-treatment operations depart sufficiently from the conventional. Previously, SAE 9310 steel was preferred by the aerospace industry for Probable main design range for infinite life Fig. 3 Theoretically a "safe" gear design can accommodate the presence of an adverse metallurgical feature; however, there may be other adverse factors involved that also erode the difference between the fracture stress and the allowable stress. which have a high potential to occur in high-speed, high-temperature gearing (Fig. 1) . This resistance may, to some extent, make up for the limitations of the lubrication. Metallurgy is only one factor in a bigger picture that includes machine and component design, manufacturing accuracy, machine Through-hardened steels Flame-hardened steel Induction-hardened steel Gas-nitrided and salt-bath nitrided steel Sulphinuz-treated steel Gas-nitrided (80 h) steel Maraging steel Gas-carburized and hardened Gas-carburized, hardened and tempered assembly, lubrication, application, machine use or abuse, and maintenance (or lack of it). This book considers some of the current knowledge regarding the metallurgy of case-hardened steel parts and what effects or trends the various metallurgical features have on the properties of such parts. However, it focuses on conventional case-hardening steels and processing and, therefore, might not be as helpful to designers and users of new alloy grades.
Case-Depth Specifications
At the dedendum-pitch line area of a gear tooth, there is a smaller radius of curvature than at locations above the pitch line. Consequently, the contact band there tends to be narrower than at the addendum so that for a given load, the contact stresses will be higher. For that reason, the chosen case depth must be adequate to resist the stress at the dedendum-pitch line area.
The contact stress increases with transmitted load so, strictly speaking, the case depth should be determined by the load. Using the shear-fatigue strength (ultimate tensile strength × 0.34) of the material as opposed to shear stresses due to loading appears to give some conflicting results; therefore, it is not clear on which shear stresses the case depth requirement should be based. For example, if the 45°shear stresses (t yz ) are considered in conjunction with the test results shown in Fig. 4 , it is found that, for the 80 hour-nitrided surfaces, the predicted fatigue limit is about half of the value determined by testing. On the other hand, the fatigue limits for the carburized, hardened, and tempered surfaces (100 to 200°C) and for induction-hardened surfaces are better predicted (Fig. 5) . The orthogonal shear stresses (t ortho ), however, predict fairly well the fatigue limits for the nitrided surfaces but overestimate the fatigue limits for the case-hardened and the induction-hardened surfaces (Fig. 6 ). From these apparently conflicting results, it is difficult to draw any meaningful conclusions that would help determine the appropriate hardness profile and case depth for a given application.
The relationship of residual stresses to rolling contact fatigue is also unclear. The table in Fig. 4 shows that for the case-hardened tests, the untempered roller produced the lowest fatigue limit, and the roller that had been tempered at 250°C produced the highest value. Although residual stresses were not measured in either instance, it is nevertheless likely that the roller tempered at 250°C had the lowest compressive-residual stress in the case, and the untempered roller had the highest (see Fig. 7.12 ). This implies that compressive-residual stresses might not be beneficial where rolling contact is involved-where the fatiguing actions are subsurface but still in the case. Therefore, this further complicates arriving at a theoretical solution for determining adequate hardness profiles and case depths. Fortunately, there is still the well used case depth-to-tooth diametrical pitch relationship to fall back on, even if it is not strictly correct (Fig. 7) .
Interestingly, with rolling-contact fatigue tests of shallow-cased surfaces (i.e., when the depth of maximum hertzian shear stress is deeper than the effective case depth), there is no work hardening at the case-core junction up to the fatigue limit. At stresses above the fatigue limit, work hardening does occur, and the extent of the working (hardness and depth) increases with the contact stresses. 
Eutectoid Carbon Content
The requirements and information in any standard are, in general, readily understandable and realistic, as they should be. Unfortunately, there are exceptions. For example, the surface carbon requirement for carburized gears as set out in ISO 6336-5 1996 is "Eutectoid carbon % +0.20%, -0.1%." The standard does not justify the use of the term eutectoid. It does not provide a list of case-hardening steels along with a representative value of eutectoid carbon for each steel, nor does it provide an empirical formula for determining the eutectoid carbon. It is, therefore, unhelpful and unworkable as it stands. However, it is understood that the standard is to be revised to correct the problem.
The term eutectoid carbon content refers to the carbon content that produces only a pearlitic matrix microstructure as a result of an extremely slow cool through the Ac 3 or Ac cm to Ac 1 temperature range. A steel with less than the eutectoid carbon content (hypoeutectoid) contains pearlite with some ferrite, whereas a steel with more carbon than the eutectoid carbon content (hypereutectoid) contains some carbide along with pearlite, again due to very slow cooling. Each steel grade has its own eutectoid carbon content, and considering the whole range of conventional case-hardening steels, the eutectoid carbon contents could easily vary between 0.45 and 0.8%. In case-hardening practice, the cooling rates employed, even slow cooling from carburizing, are much faster than the cooling rates researchers would use to determine the eutectoid carbon for an equilibrium diagram. Rapid cooling, typical of commercial quenching, can suppress the formation of ferrite in lean-alloy steels within about 0.2% C less than the eutectoid and suppress the carbide formation in that steel when the carbon is up to about 0.2% above the eutectoid. Suppression of ferrite or of carbide means that the carbon will be in solution in the martensite and in any retained austenite. Consider then: is a eutectoid carbon martensite the best to provide all the properties sought for a given application? Or is it the best carbon content for holding the retained austenite to a low value or for developing a better case toughness? Would a case-hardened 9310 steel gear with a surface carbon content of 0.55% be regarded as fit for service even though it might satisfy the case carbon requirements of ISO 6336-5 (1996) ?
To establish where the eutectoid carbon content figures in deliberation regarding property optimization for case-hardened parts (and indeed it may have a place), there is little alternative but to establish eutectoid carbon data for each steel. For this, it may not be necessary to go through the complex procedure of determining accurate equilibrium diagrams. Instead, a set procedure could be devised in which, for example, a 30 mm bar is carburized to, say, greater than 1% surface carbon content and cooled, or heat treated to precipitate the excess carbon as carbides. The bar is then cut into two: one half is used to determine the carbon gradient and the other is used as a metallographic sample to determine the depth of carbide penetration. The two sets of data are then brought together to give a value of carbon at which, under the set conditions, carbides just appear. This could then be referred to as the "apparent eutectoid." Only with such information could the merits of the case carbon requirement of the ISO 6336 standard be assessed.
